In this study, a square cavity with two ventilation ports in the presence of an adiabatic fin of different lengths placed on the walls of the cavity is numerically analyzed for the mixed convection case for a range of Richardson numbers (Ri=0.1,1, 10, 100) and at Reynolds number of 300. The effect of the fin height, placement of the fin on each of the four walls of the cavity and Richardson number on the heat transfer and fluid flow characteristics is numerically analyzed. The results are presented in terms of streamlines, isotherm plots and averaged Nusselt number plots. It is observed that for the convection dominated case, fin length and its position on the one of the four walls of the cavity do not alter the thermal performance whereas when the buoyancy effects become important thermal performance increases for high fin length.
Introduction
Mixed convection heat transfer is important for various engineering applications. Design of the heat exchangers, nuclear reactors, solar collectors, cooling of electronic equipments and food industry may be considered as some of them where one has to improve the thermal performance of those systems. A vast amount of literature is dedicated to study the heat transfer and flow field characteristics for the mixed convection case and numerical modeling in real case studies [1] [2] [3] [4] [5] [6] [7] [8] . Saeidi and Khodadadi [3] have studied the unsteady laminar flow with an square enclosure with two ventilation ports. They showed that for Strouhal number of 0.1, the mean Nusselt numbers on the four walls exhibit large amplitudes of oscillation, but at Strouhal number of 10, the amplitudes of oscillation on various walls are generally degraded. They also showed that, heat transfer enhancement is observed for the range of considered Strouhal numbers. Sourtiji et al. [9] have investigated the flow field and heat transfer characteristics in a square cavity with two ventilation ports for the mixed convection case. A pulsating velocity is imposed at the inlet port for a range of Strouhal numbers for Reynolds numbers between 10 to 500. They reported that optimum Strouhal number is between 0.5 to 1 for the best thermal performance and minimum pressure drop. Oztop [10] have studied the mixed convection in a channel with a volumetric heat source and different opening ratio at the exit of the channel for different Richardson numbers between 0.001 to 10. In this study, three different opening ratio at the exit has been considered. It is reported that the Richardson number and exit opening have strong effects on the flow field and thermal characteristics and maximum heat transfer is obtained when the outlet port is placed onto top of vertical wall.
Adding partitions in order to control the fluid field and thermal characteristics of the enclosures have also been extensively studied by many researchers [11] [12] [13] [14] . Shi and Khodadadi [11] have studied the flow field and heat transfer characteristic for laminar flow in a lid-driven cavity due to a single thin fin. They showed that placing a fin on the right wall can enhance heat transfer on the left wall but reduce heat transfer on the bottom, right and top walls of the enclosure. Varol et al. [13] have studied the effect of an adiabatic thin fin for the fluid flow and heat transfer in a porous triangular cavity for Rayleigh number between 100 to 1000. The effect of the aspect ratio of the triangular cavity, the location of the fin and fin length have been studied numerically. They reported that fins can be used as control parameter for temperature and flow field within the cavity.
In the above mentioned studies, either mixed convection without partitions or effect of the adding partitions on the thermal performance of the systems in the free convection case are analyzed. To the best of the authors' knowledge, a numerical study on the mixed convection in a square enclosure with the addition of an adiabatic fin on one of the walls of the cavity has never been reported in the literature. The aim of the present investigation is to highlight some of the features of the thermal characteristics of such systems which may of interest for the designers.
Numerical Simulation
Problem description Figure 1 : Geometry and the boundary conditions for the cavity with two ventilation ports and an adiabatic thin fin placed in the middle of the wall of the cavity. Air has a uniform velocity u 0 and temperature T c at the inlet port. All walls of the enclosure are kept at constant temperature T h .
A schematic description of the problem is shown in Fig.1 . A square enclosure with two ventilation ports is considered. The inlet and outlet ports are placed at the left-top and right-bottom vertical cavity walls. The size of the ports are L/4, where L denotes the length of the cavity. All walls of the cavity are kept at temperature T h . At the inlet port, a uniform velocity is imposed. The width of the square cavity is assumed to be long and the problem can be considered as two-dimensional. Working fluid is air with a Prandtl number of Pr=0.71. The flow is assumed to be two dimensional, Newtonian, incompressible and in the laminar flow regime. The physical properties are assumed to be temperature independent except for the density in the buoyancy force according to Boussinesq approximation.
Governing equations and solution method
By using the dimensionless parameters,
for a two dimensional, incompressible, laminar and steady case, the continuity, momentum and energy equations can be expressed in the nondimensional form as in the following:
The relevant physical nondimensional numbers are Reynolds number (Re), Grashof number (Gr) and Richardson number (Ri)
Air has a uniform velocity, U = 1 and temperature θ = 0 at the inlet port and outflow boundary condition is imposed at the outlet port. All walls of the cavity are kept at high temperature, θ = 1. Thin fin is adiabatic, ∂θ/∂X = 0. No slip boundary condition (U = V = 0) is used for the cavity walls and on the fin. Local Nusselt number is defined as
where h x,t represent the local heat transfer coefficient and k denote the thermal conductivity of air. θ is the non-dimensional temperature which is defined as θ =
T −Tc
T h −Tc . n and S denote the surface normal component and heated part of the bottom and left vertical side walls of the cavity, respectively. Spatial averaged Nusselt number is obtained after integrating the local Nusselt number along the walls of cavity as
Eq. (2), Eq. (3), Eq. (4) and Eq. (5) along with the boundary conditions are solved with FLUENT 6.1 solver (a general purpose finite volume solver [15] ). The unstructured body-adapted mesh consists of only triangular elements. The choice of which mesh type depends on the application and for moderately complex geometries unstructured grids are generally used. The choice of the mesh type have effects on the setup time, computational expense and numerical diffusion. In the current configuration, a cavity with a fin attached to its of the walls, unstructured mesh is used. For his relatively simple geometry, it does not make a big difference in terms of accuracy and computational time whether we use a structured mesh or an unstructured one. Mesh independence of the solutions has been confirmed for each of the fin heights and for the no-fin case. Nondimensionalized temperature and velocity magnitude starting from the middle of the bottom wall ending at the middle of the top wall is shown in Fig.2 , at different grid sizes for the no-fin case at Richardson number of 10. It is seen that the solution for grid size with 43934 triangular elements is close to the solution with 32234 triangular elements. Grid sensitivity study at Ri=100, is tabulated in Table 1 . From this table, it is seen that grid size of 32234 is fine enough to resolve the flow and thermal field. Figure 4 : Comparison of local Nusselt number along the three walls of the cavity at Re=500 and Ri=0 computed in [3] and computed with FLUENT code A second order accurate spatial discretization, is used. Second order upwind schemes are applied in terms of discretising the momentum and the energy equations. The first-order discretization scheme generally yields better convergence compared to second-order scheme, but will give less accurate results for triangular meshes. In our case, we start with the first-order scheme and then switch to the second-order scheme after some iterations. Pressure Implicit with Splitting of Operators (PISO) algorithm is used for pressure velocity coupling. The steady state PISO algorithm adds an extra correction term for Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm to improve its accuracy per iteration. We also compared the results in terms of computational time and accuracy and negligable differences are seen between SIMPLE and PISO algorthm. The global convergence for the continuity, momentum and energy residuals are set to 10 −4 , 10 −5 and 10 −5 , respectively. The chosen solver settings are tested for a square enclosure without fins with those of [9] for a Reynolds number of 300 (based on the width of the inlet port) for Richardson numbers of 0 and 10 in Fig.3 . The streamlines (on the left side) and isotherms (on the right side) computed with two different solvers show similar behavior. The code is further validated against the result of [3] . The comparison is made for the case at Re=500 (based on the width of the inlet port) and Ri=0. Fig.4 shows the local Nusselt number distributions along the walls of the cavity for this flow condition computed with the FLUENT code (current settings) and computed in [3] . The comparison results show good overall agreement.
Results and Discussion
In the present configuration, the flow field and heat transfer characteristics depend on Reynolds number, Grashof number, Prandtl number, fin length, fin inclination angle, location of the fin on the wall, the width of the inlet-outlet ports and thermal boundary conditions on the wall. Since a large amount of parameters is necessary to characterize the system, a complete analysis of the system with all parameter combinations are not feasible. In the present study, we fixed some of these parameters and investigate the effects of other varying parameters (fin length, Grashof number, on which wall the fin will be located) on the heat transfer and fluid flow characteristics. In this study, Richardson number is varied between 0.1 and 100 (Ri = 0.1, 1, 10, 100) and Reynolds number based on the length of the square cavity is kept at 300. Prandtl number of the fluid is 0.71.
Streamlines and Isotherms
Streamline and isotherm plots when the thin adiabatic fin is attached on the bottom wall for Richardson number of 0.1,1, 10 and 100 at various fin lengths and no-fin case are shown in Fig.5 . In the first row of Fig.5 , for the low Ri number, a cell is formed on the left part of the cavity, occupying half of the cavity. With increasing the Richardson number, buoyancy effects become important, and the cell grows in size and shape. A secondary vortex is also formed on the top-right corner of the cavity for Ri=10 and 100. For fin length of L p = 0.1L (second row of Fig.5 ) , streamlines are more effected for the high Ri numbers (Ri=10, and 100). At Ri=100, the cell at the top right corner occupies more of the cavity and the cell at the left part of the cavity decreases in size and shrinks towards left. For fin length of L p = 0.4L (fourth row of Fig.5 ), a recirculation pattern is formed behind the fin near the outlet and grows in size and strength with the increase in Richardson number. For fin length of L p = 0.6L (fifth row of Fig.5 ), for the convection dominated mode, the recirculation patterns in front of and behind the adiabatic thin fin is weak and and grows in size and strength with the increase in Richardson number and at Ri=100, the cell in front the fin breaks down into two vortices.
A close inspection on the isotherms for different fin lengths in Fig.5 reveal that maximum temperature gradients appear on the bottom and left walls near the inlet and outlet ports for the no-fin case (first row of Fig.5 ). For fin length of L p = 0.1L (second row of Fig.5 ), at high Ri numbers (Ri=10, and 100), the isotherms on the top part of the cavity wall become less clustered and parallel and this shows that heat transfer is not effective in that region of the cavity. (e) Ri=0.1 (f) Ri=1 (g) Ri=10 (h) Ri=100 Fig.6 ), at Ri=0.1, a cell is formed at the bottom of the fin, and grows in size for Ri=1. Temperature contours in Fig.6 show that for L p = 0.1L, as compared to no-fin case (first row of Fig.6 ), the isotherms remain almost the same for Ri=0.1,1 and 100, but changes significantly for Ri=100. The closely packed streamlines are directed downwards and on the top isotherms become nearly uniform.
Streamline and isotherm plots when the thin adiabatic fin is attached on the top wall for Richardson number of 0.1,1, 10 and 100 at various fin lengths and no-fin case are shown in Fig.7 . For fin length of L p = 0.1L (second row of Fig.7) , the streamlines show similar trends for different Richardson numbers as in no-fin case. For L p = 0.4L (fourth row of Fig.7 ), a cell is formed behind the fin at Ri=1 and the core of the cell moves towards the outlet. For L p = 0.6L (fifth row of Fig.7) , the top of the cavity on the right of the fin remains stagnant since in this case, fin blocks the airflow towards the top of the cavity. Isotherm plots in Fig.7 show that for L p = 0.1L (second row of Fig.7) , for Ri=100 when the buoyancy becomes important, the isotherms on the right of the fin becomes less clustered and this means heat transfer in this part is less effective. For L p = 0.2L and L p = 0.4L , the loosely packed streamlines on the right of the fin is seen at Ri=1 and Ri=0.1, respectively. For L p = 0.6L, for the case where buoyancy effects are important (Ri=10 and Ri=100), the top of the cavity behind the fin remains stagnant and heat transfer in that part less effective.
Streamline and isotherm plots when the thin adiabatic fin is attached on the right wall for Richardson number of 0.1,1, 10 and 100 at various fin lengths and no-fin case are shown in Fig.8 . For fin length of L p = 0.1L (second row of Fig.8 ), a vortex is formed on the bottom of the fin for Ri=100. For L p = 0.2L, this vortex is seen for Ri=10 and grows in size and strength for Ri=100. For L p = 0.4L, the cell formed on that location occupies more of the cavity close to the outlet and the cell on the left part of the cavity decreases in size and shrinks towards the left.
Isotherm plots are shown in Fig.8 . For L p = 0.1L, at Ri=0.1, for the convection dominated case, the isotherms on the right-top becomes less dense compared to non-fin case. For Ri=100, when the natural convection effects become important, isotherms near the outlet vent, spread more into the cavity. For Ri=100, with the increase in the fin length, the isotherms on the top of the cavity wall become more flattened and spread more towards the cavity.
Nusselt numbers and pressure drop
Calculated spatial averaged Nusselt number versus Richardson number plots (semi-logarithmic) are shown in Fig.9 for the case when the adiabatic thin fin is placed at the bottom and left wall of the cavity. For the bottom case, heat transfer rate increases with an increase in the Richardson number. At Ri=0.1, Nusselt number is low compared to no-fin case for all fin lengths and the best performance is obtained for fin length of L p = 0.6L. Minimum Nusselt number is obtained for L p = 0.2L for the considered Richardson number range. For Ri=10 and 100, heat transfer enhancement is seen compared to no-fin case for L p = 0.6L. For the left case, in the convection dominated mode at Ri=0.1, for L p = 0.2L, heat transfer rate is minimum. In the left case, there is no enhancement in the heat transfer for the considered range of Richardson numbers and the best thermal performance is obtained compared to no-fin case when L p = 0.6L. Another observation is that the effect of the fin length on the Nusselt number variation decreases with an increase in the Richardson number. 1.6
(a) Bottom 1.7 The pressure drop is defined as the averaged pressure differences between the inlet and outlet ports non-dimensionalized with the square of the velocity at the inlet by the following equation as similar to defined in [3] :
where p in and p out denote the length averaged pressure at the inlet and outlet ports, respectively. Dimensionless pressure drop versus Richardson number for no-fin case and for fin lengths of 
(a) Bottom Fig.12 . When the fin is attached on the top and on the right of the cavity, increasing the fin length will increase the pressure drop at low Richardson numbers.
